DIGITAL CONTROL VARIABLE DELAY CIRCUIT WHICH IS HARDLY 
SUSCEPTIBLE TO NOISE 



BACKGROUND OP THE INVENTION 

1. Field of the Invention 

The present invention relates to digital control 
variable delay circuit* and more particularly to a digital 
control variable delay circuit for receiving n pairs of 
phase-shifted clock signals as input signals and varying 
the amplitudes of the input signals in response to digital 
control signals supplied separately to generate signals 
each having the varied amplitude as output signals. 

2. Description of the Related Art 

A voltage-controlled phase shifter having an unlimited 
range is included in latest techniques which can be applied 
to variable delay circuits. For example, PCT Japanese 
Translation Patent Publication No. 9-512965 discloses such 
a voltage-controlled phase shifter. The voltage-controlled 
phase shifter selects two adjacent signals from among a 
plurality of multiphase signals and outputs phase-shifted 
signals by carrying out weighting and adding to the 
selected signals in accordance with an analog control 
voltage by the use of an interpolator. 

Techniques related to th other variable delay 
circuits are disclosed in, for example, Japanese Unexamined 
Patent Publication Nos. 63-31214 and 6-152343. In addition 



Japanese Unexamined Patent Publication No. 9-214334 
^closes a digital delay interpolator. Further, Japanese 
Unexamined Pajtent Publication No. 11-284497 discloses a 
programmable delay generator. 

The above-mentioned voltage-controlled phase shifter 
determines tbL amount of phase shift in accordance with an 
analog control voltage. Therefore, the voltage-controlled 
phase shifterj is susceptible to external noise. For 
example, in an environment where an external factor such a: 
power source jioise considerably affects on the shifter, th 
analog control voltage varies due to the noise, resulting 
in a fluctuation of the phase of a phase-shifted output 
signal. In addition, it is necessary to control a phase 
selector for Selecting two signals and a phase interpolate 
for weighting! and interpolating the two signals . 
Consequently,'; the above-mentioned voltage-controlled phase 
shifter has complicated circuitry. In addition, 
disadvantageojxsly, the relation between the analog control 
voltage and the amount of phase shift is not uniquely 
determined due to a manufacturing variation in circuit 
elements or fluctuations in supply voltage and ambient 



For this! reasons, the above-mentioned voltage- 
controlled phase shifter is hard to apply to a variable 
delay circuit! under present circumstances . 

SUMMARY OF THE INVENTION 

Accordingly, it is an object of th present invention 
to provide a digital c ntrol variable delay circuit with 
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simple circuitry which is hardly susceptible to influences 
caused by external noise and which delays a signal by the 
amount of delay uniquely corresponding to a control signal 
to ensure arbitrary infinite delay of one period or longer 

According to the present invention, the digital 
control variable delay circuit includes n amplitude centre! 
units which are connected in parallel and each of which 
receives a pair of input clock signals to be supplied to a 
differential pair and receives m-bit digital control 
signals, n and m each indicating a natural number of 2 or 
larger, and a waveform shaping unit which is shared be twee, 
the n amplitude control units and is connected, in common, 
to the outputs of the n amplitude control units. The 
respective pairs of clock signals supplied to the n 
amplitude control units are shifted in phase by about 1/n 
period. Each amplitude control unit is capable of varying 
the amplitude of each of the pair of clock signals into (m 
+ 1) values using the m-bit digital control signals, and 
outputs a pair of amplitude-varied clock signals. The 
waveform shaping unit receives a pair of added clock 
signals obtained by adding and combining the pairs of 
amplitude-varied clock signals outputted from the n 
amplitude control units. The waveform shaping unit shapes 
the waveform of each of the pair of added clock signals w 
then outputs a pair of resultant clock signals as output 
signals . 

preferably, each amplitude control unit includes a 
pair of MOS transistors sharing a common terminal and 
constituting a differential pair, m current source circuits 
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connected in parallel, and a pair of load resistors 
connected to respective output terminals of the pair of MO; 
transistors. The m current source circuits each include a 
current source and a switch. Each current source and the 
corresponding switch are connected in series. Each switch 
is turned on or off by the corresponding one of the m-bit 
digital control signals. One end of each of the m current 
source circuits connected in parallel is connected to 
ground and the other end thereof is connected to the eommo. 
terminal of the pair of MOS transistors. The output 
terminals of the pair of MOS transistors output the pair oi 
amplitude-varied clock signals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a circuit diagram of the configuration of a 
digital control variable delay circuit according to an 
em bo dime nt of the present invention ; 

Fig. 2 is a circuit diagram of the internal structure 
of each amplitude control unit provided for the digital 
control variable delay circuit shown in Fig. 1; 

Fig. 3 is a schematic diagram of the transition of the 
states of (n x m) digital control signals supplied to the 
amplitude control unit shown in Fig. 2; 

Fig. 4 is a circuit diagram showing a concrete example 
of the digital control variable delay circuit of Fig. 1; 

Fig. 5 is a characteristic diagram of a pair of dock 
signals supplied to the amplitude control units provided 
for the digital control variable delay circuit of Fig. 4; 
Fig. 6 is a schematic diagram of the transition of (4 
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x 4) digital control signals supplied to the amplitude 
control units provided for the digital control variable 
delay circuit of Fig. 4; 

Fig. 7 shows characteristic diagrams each showing the 
relation between the pair of clock signals and an added 
clock signal obtained by adding and combining clock signal: 
and shows states 1 to 5 of the digital control signals 
shown in Fig. 6; 

Fig. 8 is a signal waveform diagram of (4 x 4) digital 
control signals to prevent a redaction in current in the 
digital control variable delay circuit of Fig. 4, the 
waveforms changing with the transition of the states of the 
digital control signals; and 

Fig. 9 is a circuit diagram of the configuration of 
ea c h amplitude control unit for realizing the transition oi 
the states shown in Fig. 8. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Fig. 1 is a circuit diagram of the configuration of a 
digital control variable delay circuit according to an 
embodiment of the present invention. The digital control 
variable delay circuit comprises n amplitude control units 
11-1 to 11-n connected in parallel and a waveform shaping 
unit 12 . Each amplitude control unit comprises a pair of 
transistors constituting a differential pair as will be 
described later. The digital control variable delay 
circuit receives n pairs of clock signals XN1-P and IN1-N, 
1N2-P and IN2-N, . . . , and INn-P and INn-N which are shifted 
in phase by about 1/n period. Th digital control variable 
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shaping unit 12 shapes the waveforms of each of the pair oJ 
added clock signals SIG-P and SXG-N and then outputs the 
pair of resultant clock signals as output clock signals 
OUT-P and OUT-N. 

In Fig. 1, input terminals I-P and I-N and output 
terminals 0-P and O-N are shown only in the amplitude 
control unit 11-1. 

As will be described later, in the n amplitude control 
units 11-1 to 11-n, when all of the input digital control 
signals SWl-1 to SWn-m are turned off, the amplitude of 
each of the pair of added clock signals SIG-P and SXG-N 
denotes zero. On the other hand, when one or more of the 
input digital control signals SWl-1 to SWh-m are turned on, 
the amplitude of each of the pair of added clock signals 
SIG-P and SIG-N lies in a range of (the maximum value x 
1/m) to (maximum value x m/m) . In other words, when all of 
the digital control signals SWl-1 to SWn-m are turned on, 
each of the pair of added clock signals SIG-P and SXG-N has 
the maximum amplitude. 

Fig. 2 shows the internal configuration of the 
amplitude control unit 11-1 in the amplitude control units 
11-1 to 11-n. The amplitude control units 11-2 to 11-n 
have the same configuration. The amplitude control unit 
11-1 comprises N- channel MOS transistors (hereinbelow, 
referred to as transistors) 21 and 22 connected so as to 
constitute a differential pair. The pair of clock signals 
INl-P and INI -N are supplied to gate terminals of the 
transistors 21 and 22, respectively. L ad resistors 23 and 
24 are connected to drain terminals of the transistors 21 
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and 22, respectively. One end o£ each of m current source 
circuits connected in parallel Is connected to respective 
source terminals of the transistors 21 and 22 . The other 
end of each of the m current source circuits is connected 
to ground. Each current source circuit comprises a switch 
and a current source connected in series. That is, the m 
current source circuits include a switch 25-1 and a currenl 
source 26-1, a switch 25-2 and a current source 26-2, 
and a switch 25-m and a current source 26-m. The digital 
control signals SWl-1 to SWl-m are supplied as switching 
control signals to contacts of the switches 25-1 to 25-m, 
respectively. For example, the digital control signal SWl- 
1 is input to the contact of the switch 25-1, namely, the 
digital control signal SWl-1 is turned on, thus turning on 
the switch 25-1 . The same applies to the other switches 
25-2 to 25-m. The drain terminals of the transistors 21 
and 22 output the pair of amplitude-varied clock signals 
Ol-P and Ol-N. P- ch a nn el MOS transistors are also 
available instead of the N- channel MOS transistors. 

In the above-mentioned circuitry, for the amplitude 
control unit 11-1, current flowing through the load 
resistors 21 and 22 varies in response to the ON/OFF 
control of the m current sources 26-1 to 26-m through the m 
switches 25-1 to 25-m corresponding to the digital control 
signals SWl-1 to SWl-m. Consequently, the amplitude of 
each of the pair of clock signals IN1-P and IN1-N varies 
into (m + 1) values. The amplitude control unit 11-1 
outputs the pair of clock signals Ol-P and Ol-N each having 
the varied amplitude. When all of the digital control 
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signals SWl-1 to SWl-m are turned off, the amplitude of 
each of the pair of amplitude-varied clock signals Ol-P an< 
Ol-N denotes zero. On the other hand, when all of the 
digital control signals SWl-1 to SWl-m are turned on, each 
of the pair of amplitude -varied clock signals 01-P and 01-] 
has the maximum amplitude. The same applies to the 
amplitude control units 11-2 to 11-n. 

The operation of the whole digital control variable 
delay circuit will now be described by again referring to 
Fig. 1. Referring to Pig. 3, in the (n x m) digital 
control signals SWl-1 to SWl-n, and SWn-1 to SWn-m to 

control the n amplitude control units 11-1 to 11-n, m 
continuous digital control signals are turned on and the 
other digital control signals, namely, [m x (n - 1)] 
digital control signals are turned off. It is assumed thai 
the digital control signals change from the above state. 

In a state A, all of the digital control signals SWl-1 
to SWl-m to be supplied to the first amplitude control unit 
11-1 are turned on and the other digital control signals tc 
be supplied to the other amplitude control units 11-2 to 
11-n are turned off. In this case, each of the output 
signals (the pair of amplitude- varied clock signals Ol-P 
and Ol-N) outputted from the amplitude control unit 11-1 
has the Ttiaximnm amplitude. The amplitude of each of output 
signals (the pairs of amplitude-varied clock signals) 
outputted from the other amplitude control units 11-2 to 
11-n indicates zero. Thus, the pair of added clock signals 
SIG-P and SIG-H represent the output signals (the pair of 
amplitude-varied clock signals 01-P and Ol-N) , which are 
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output from the amplitude control unit 11-1. 

In a state B, (m - 1) digital control signals SW1-2 tc 
SWl-m to be supplied to the first amplitude control unit 
11-1 are turned on, the digital control signal SW2-1 to be 
supplied to the second amplitude control unit 11-2 is 
turned on, and the other digital control signals are tume< 
off. In this case, each of the output signals (the pair oi 
amplitude-varied clock signals Ol-P and Ol-N) outputted 
from the amplitude control unit 11-1 has the amplitude 
which is expressed by [the maximum amplitude x (m - 1} /m] . 
On the other hand, each of output signals (a pair of 
amplitude-varied clock signals 02-P and 02-N) outputted 
from the amplitude control unit 11-2 has the amplitude 
which is expressed by (the main mum amplitude x 1/m) . The 
amplitude of each of the other output signals (pairs of 
amplitude-varied clock signals) outputted from the other 
amplitude control units 11-3 to 11-n indicates zero. 
Consequently, the phase of each of the pair of clock 
signals SIG-P and SIG-N obtained by adding the above output 
signals represents a phase obtained by combining the input 
phase of each clock signal supplied to the amplitude 
control unit 11-1 and that of each clock signal supplied to 
the amplitude control unit 11-2 in a ratio of about (m - 
1): 1. 

Similarly, in a state C, the phase of each of the pair 
of clock signals represents a phase obtained by combining 
the input phase of each clock signal suppli d to the 
amplitude control unit 11-1 and that of each clock signal 
supplied to th amplitude control unit 11-2 in a ratio of 
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(m - 2) : 2. On the other hand, in a state D, the phases o: 
the pair of amplitude- varied clock signals outputted from 
the n-th amplitude control unit 11 -n and those of the pair 
of amplitude-varied clock signals outputted from the first 
amplitude control unit 11-1 are added. The phase of the 
amplitude control unit 11-n and that of the amplitude 
control unit 11-1 can be handled as continuous phases. 

Control is performed so that the state changes in the 
order of A, B, C, D, A, ...» or the order of C, B, A, D, .. 
Thus, the phases of the pairs of clock signals IN-P and IN- 
N, . . . , and INn-P and INn-N are shifted by 1/ (m x n) period 
at substantially regular intervals, resulting in (m x n) 
variable delay patterns. The output signals OUT-P and OUT- 
N based on the (m x n) variable delay patterns can be 
output. Particularly, the n-th and first amplitude control 
units 11-n and 11-1 continuously operate, so that infinite 
delay can be ensured. The respective amounts of phase 
shift are uniquely determined in accordance with the 
digital control signals SW1-1 to SWn-m. 

The operation will now be described in detail on 
condition that n = 4 and m = 4. In this case, (4x4=) 16 
variable delay patterns can be realized for one period of 
an input clock signal. When n = 4 and m = 4, the digital 
control variable delay circuit has a configuration shown in 
Fig. 4. The pairs of dock signals IN1-P and INl-N, 
and IN4-P and IN4-N are shifted substantially 90 degrees 
(2rc/4 = n/2) in phase, respectively, as shown in a 
characteristic diagram (amplitude versus angle) of Fig. 5. 
In this case, (4x4) digital control signals SWl-1 to SW1- 
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4 , . . . , and SW4-1 to SW4-4 change between states 1 to 5 so 
that four continuous digital control signals are turned on 
as shown in Fig. 6. 

Fig. 7 shows characteristic diagrams (amplitude versus 
degree) showing the relation between the input clock 

signals INl-P and IN2-P and the added and combined clock 

signal SIG-P in the states 1 to 5 of Fig. 6. 

The states 1 to 5 of Fig. 7 will be described- In the 

state 1, the added clock signal SIG-P fits the clock signaJ 

INI -P. 

In the state 2, the added clock signal SIG-P 
represents a signal expressed by the following expression 
(1) - 

|cosx + l S inx = ||) 2 + (l) 2 cos(x + 18.4o) 
= J|cos(x + 18.4°) 

In other words, the added dock signal SIG-P has the 
amount of phase shift which is substantially equivalent to 
an ideal angle, namely, 22-5 degrees (= 90 degrees x 1/4). 

In the state 3, the added clock signal SIG-P 
represents a signal expressed by the following expression 
(2) . 

|cosx + |sinx = ||) 2 + (f) f cos(x + 45«) 
= ^I C os(x + 45°) 

In other words, in the state 3, the added clock signal 
SIG-P has th amount of phase shift which is substantially 



- 13 - 



equivalent to an ideal angle, namely, 45 degrees (= 90 
degrees x 2/4) . 

In the state 4, the added clock signal SXG-P indicates 
a signal expressed by tbe following expression (3) . 



In other words, in the state 4, the added clock signal 
SIG-P has the amount of phase shift which is substantially 
equivalent to an ideal angle, namely, 67.5 degrees (= 90 
degrees x 3/4) . 

In the state 5, the added clock signal SIG-P fits the 
clock signal XN2-P . 

For the above (n x m) digital control signals SWl-1 to 
SWl-m, . . . , and SWh-1 to SWn-m, upon switching, (m + 1) 
digital control signals axe temporarily turned on. In 
other words, there is no case where (m - 1) digital control 
signals are turned on. Accordingly, the decrease in 
current in the whole digital control variable delay circuit 
can be prevented. Thus, output amplitude and driving power 
can be stabilized. 

Fig. 8 shows signal waveforms changed in association 
with the transition of the (4 x 4) digital control signals 
SWl-1 to SW1-4, and SW4-1 to SW4-4 shown in Fig. 4, 

the signals being used to prevent the decrease in current 
in the digital control variable delay circuit. 

In the digital control variable delay circuit in the 
case where n = 4 and m = 4, in the state 1, the four (m = 




Sinx = 




cos(x + 71.6°) 
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4) digital control signals SW1-1 to SWl-4 axe turned on. 
Subsequently, the above digital control signals SW1-1 to 
SWl-4 and the digital control signal SW2-1, namely, the 
total five (m + 1 = 5) digital control signals are turned 
on at specific timing upon switching between the states 1 
and 2. After that, the four (m = 4) digital control 
signals SW1-2 to SWl-4 and SW2-1 are turned on in the state 
2 after switching. Further, the above four digital control 
signals SW1-2 to SW2-1 and the digital control signal SW2-5 
namely, the total five (m + 1 * 5) digital control signals 
are turned on at specific timing upon switching between the 
states 2 and 3. Subsequently, in the sta te 3, the four (m 
= 4) digital control signals SWl-3, SWl-4 , SW2-1, and SW2-2 
are turned on. 

Fig. 9 is a circuit diagram of the amplitude control 
unit for realizing the transition of the states of the 
digital control signals shown in Fig. 8. 

Regarding the amplitude control unit 11-1 in the 
amplitude control units 11-1 to 11-4, the circuitry shown 
in Fig. 8 corresponds -to that of Fig. 2 on condition that n 
= 4 and m = 4. To realise the transition of the states as 
described in Fig. 8, the amounts of current 126-1, 126-2, 
126-3, and 126-4 of the current sources 26-1, 26-2, 26-3 
and 26-4 can be set in a ratio of, for example, 1.4: 1.0: 
1.0: 1.4 so as not to cause delay variations after phase 
interpolation . 

As thus far been described above, according to the 
present invention, it is possible to provide a digital 
control variable delay circuit with siropl circuitry which 
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is hardly susceptible to influences caused by external 
noise and which delays a signal by the amount of delay 
uniquely corresponding to a control signal to ensure 
arbitrary infinite delay of one period or longer. 



